In modern animal agriculture, implementation of practices improving the sustainability of livestock production has been a key goal. As a means of achieving this objective, farmers decreased the inputs for live production through nutrition and equipment modifications to decrease the feed and water wastage. These practices and changes have also impacted manure characteristics. Thus, the objectives of this work were to report the impact of changing to wet-dry feeders and manure storage types had on manure production and nutrient concentrations, and discuss these impacts on farm manure management planning. This study examined manure samples from 2001 to 2015 and manure applications from 2007 to 2015 from swine finishing facilities in Iowa that utilized deep pits, vats, and lagoons for manure storages. Over time the manure concentrations for nitrogen, phosphorus and potassium increased across all storage types. Pits had the highest concentrations of all nutrients. A significant increase in nutrient concentrations were seen when changing from dry feeders to wet-dry feeders in deep pit and lagoon storage systems for nitrogen, phosphorus and potassium. The changes in vats were not significant. Results and analysis of the manure production and manure applications showed that manure storage type leads to different estimates of nutrient production, presumably due to differences in nutrient conservation during storage. This study will examine the changes in application land coverage and application rates over time as it relates to the change in manure concentrations in nitrogen and phosphorus. ABSTRACT. In modern animal agriculture, implementation of practices improving the sustainability of livestock production has been a key goal. As a means of achieving this objective, farmers decreased the inputs for live production through nutrition and equipment modifications to decrease the feed and water wastage. These practices and changes have also impacted manure characteristics. Thus, the objectives of this work were to report the impact of changing to wet-dry feeders and manure storage types had on manure production and nutrient concentrations, and discuss these impacts on farm manure management planning. This study examined manure samples from 2001 to 2015 and manure applications from 2007 to 2015 from swine finishing facilities in Iowa that utilized deep pits, vats, and lagoons for manure storages. Over time the manure concentrations for nitrogen, phosphorus and potassium increased across all storage types. Pits had the highest concentrations of all nutrients. A significant increase in nutrient concentrations were seen when changing from dry feeders to wet-dry feeders in deep pit and lagoon storage systems for nitrogen, phosphorus and potassium. The changes in vats were not significant. Results and analysis of the manure production and manure applications showed that manure storage type leads to different estimates of nutrient production, presumably due to differences in nutrient conservation during storage. This study will examine the changes in application land coverage and application rates over time as it relates to the change in manure concentrations in nitrogen and phosphorus.
Introduction
As the world population has risen, so has the demand for food production. Specifically, there has been a worldwide increase in the demand for animal based protein food products (Thornton, 2010) . To meet this demand agriculture has industrialized, especially animal agriculture. Through the twentieth century animal agriculture has increased farm size, increased farm density, and decreased the number of farms (Smil, 2002) . Since the start of the twenty-first century animal agriculture has made large shifts towards conservation to meet societal demands towards sustainability and improve production efficiency. In particular, the swine industry has made changes in production practices, facilities, and equipment to meet society demands for environmental conservation while maintaining or increasing production. A goal in these conservation efforts has been to improve the live production while decreasing inputs, including feed, water, and land.
The change from conventional dry feeders to wet-dry feeders has been shown to improve the growth rate of finishing pigs and has been shown to decrease the amount of water usage (combination of consumption and wastage) (Brumm, Dahlquist, & Heemstra, 2000) . Nitikanchana et al. (2010) , noted that when compared to pigs fed using dry feeders, pigs fed using wet-dry feeders were shown to have higher average daily gain and better feed-to-gain ratios. In a case study comparing feeder type it was shown that pigs grown using a dry feeder consumed on average 6.17 L (1.63 gallons) of water per pig day and pigs grown using a wet-dry feeder used on average 5.11 (1.35 gallons) of water (Harmon, 1998) . The change in production practices that have decreased the water use have also altered the total gallons of manure produced, causing a potential decrease in land application costs, potentially increasing the manure's nutrient density, and making it a more economical fertilizer to transport and use to support crop production.
Land application is the primary use for liquid manure from swine finishing operations in the state of Iowa and the Midwestern US. Collectively, for all livestock species, within the state it has been estimated that 25% of the state's nitrogen and phosphorus needs for crop production can be obtained through the use of manure, (Andersen, 2014) . Thus, within Iowa there is sufficient capacity to utilize all manure produced; however, to help protect water quality resources the Iowa Department of Natural Resources (DNR) requires operations with more than 500 animal units, to develop and follow a manure management plan. This plan governs the manure application rate the operation must follow and thus the amount of land the facility needs to utilize its manure. In the Iowa DNR Manure Management Plan Appendix A1 manure productions of 4.5 L (1.2 gallons) per head per day and 3.4 L (0.9 gallons) per head per day are suggested for swine grow-finish operations with dry feeders and wet-dry feeders respectively, and suggest design values of 9.5 and 6.8 kg (21 and 15 pounds) of nitrogen and phosphorus (as P2O5) per head space per year for grow-finish operations with deep-pit manure storages and 8.6 and 5.9 kg (19 and 13 pounds) per headspace per year for grow-finish operations with wet-dry feeders (DNR, 2015) . As responsibly managing manure land applications is a key focus for the swine production industry, having accurate nutrient production levels is critical developing manure management plans that are appropriate and use provide useful information for siting new operations.
In general, the use of manure has transitioned from a view of a waste product that swine operations had to dispose of, to one where it is viewed as a vital by-product as the industry has shifted towards confined animal feeding operations that resulted in manures with higher nutrient contents and commercially available fertilizers become more expensive. From 2000 to 2013 the average price of anhydrous ammonia saw an increase from $227 per material ton to $847 per material ton (USDA ERS, 2013) . This sharp increase in the price of commercial fertilizer options has increased the value of manure as it offers more potential cost savings if it is used instead of purchasing additional commercial fertilizers.
Though the efficiency of production has been well researched, the impact industry changes from lagoons to pits and from dry feeders to wet-dry feeders on manure production characteristics hasn't been thoroughly documented. Thus, the objective of this study was to report the effect of wet-dry feeders and manure storage types on manure production and nutrient concentrations at commercial swine production facilities to document how these changes have impacted manure management planning and potential manure value.
Materials and Methods
Data from manure samples collected between 2001 and 2015, manure applications between 2010 and 2015, and recent remodeling data was obtained from an Iowa based pork producer for wean-to-finish and grow-to-finish barns. In total, data was obtained from 356 farms consisting of 13 anaerobic lagoons, 5 manure vats, and 338 deep-pit storages. Vats were either an above or below ground, uncovered storage tank. Deep pits were barns with under barn manure storage with a slatted floor. Depending on the storage type and frequency of manure land application, sites were sampled from 2 to 4 times per year. The manure samples were collected during March and April for spring and summer applications. The samples were collected in August and September for fall application of each year. All samples in the data set were collected using methods recommended by Iowa State University Extension publication PM1558 for liquid swine manure from deep pits, vats and lagoons (Angela Rieck-Hinz, Lorimor, Richard, & Kohl, 2003) . For all seasons, farms with vats were sampled as a composite of all vats on the site. Farms with lagoons had one sample taken from both the primary and secondary lagoons. Farms with deep pits, depending on the season, were sampled as individual barns on the site or as a composite of all barns on the site. Deep pits were sampled from two different pump outs on a barn; for pits at full capacity 1-L (0.26 gallon) was sampled from each pump out. The manure from both pump outs were combined and homogenized. For all farms 0.5-L (0.13 gallon) size sample was submitted for lab analysis.
The manure samples were analyzed at Midwest Laboratory using standard AOAC procedures (NRCS, 1997) . Total nitrogen, phosphorus, potassium, sulfur, calcium, magnesium, sodium, copper, iron, manganese, zinc and salt were reported for each sample on a wet concentration basis (pounds per thousand gallons). Solids as a percent by mass and pH were also determined for each sample. Prior to data analysis, samples were evaluated to remove outliers from the data set; outliers were characterized by having a value less than or greater than three times the standard deviation of the sites 5-year average. In the first 5 years of samples the test results were excluded if the N, P or K values were less than one third the average of the 5 year average, to account for dilution from water accumulated in the pit during construction. A correlation matrix was calculated for all samples in the data set prior to sorting for season and year.
All samples collected from a site for a specific application season were averaged together to calculate a composite manure value to represent that application season. Application seasons were grouped as "Spring" April to May, "Summer" June to August and "Fall" September to December. The yearly arithmetic average for each site is the average of all application averages within that year for the site. The remodeling data consisted of contractor summaries of work completed on sites from 2010 to 2014. This was used to create a timeline of feeder change out from a dry feeder to a wet-dry feeder. This timeline was gathered for 100 farms, both wean-to-finish and grow-to-finish. For the sites with this data available the yearly average for the transition year was not included in the analysis of historical manure values. For all other sites it was assumed that the feeder type has been constant over time. The manure application data included the volume applied and date for the recent sites built from 2010 on. Manure application records and production reports for 25 randomly selected wean-to-finish farms from 2008 to 2015 were collected. These records contained the total volume of manure applied, the date applied, the total number of head through the site and the average start and end weights. Together with the corresponding manure samples for that season the total nitrogen and phosphorus applied was calculated as a weighted average for the period between applications on a daily basis. For the first application of the site the length of the time was calculated as the time between the first days of pigs on site to the first application.
The manure production values for kg manure per head per year value were calculated as the weighted average of all applications for the site. The actual production numbers for the site were used to calculate the weighted average on an animal unit basis. To convert the data back to production values per head space the ASABE standard 3.33 head per animal unit was used for the conversion factor.
Results and Discussion

Overall Statistics
Overall 8,564 samples met the criteria and tested for Nitrogen content of the manure. Most samples from 2001 were lacking test values for all values except nitrogen, phosphorus and potassium, but all parameters had substantial sample set sizes of more than 7761 samples. Our first objectives were to evaluate descriptive statistics and the correlation among nutrient concentrations. In general, there was a wide variation of all parameters measured with coefficients of variation ranging from a low of 37% for potassium and salts to a high of 177% for solids. Key nutrients of nitrogen, phosphorus, and potassium averaged 5.2, 3.0, and 3.4 kg per 1000 L (43, 25, and 28 pounds per 1000 gallons) of N, P2O5, and K2O respectively, but again wide variation was seen in the dataset with coefficients of variation of 45, 59, and 35% respectively. To put this into perspective, for nitrogen the concentration range was between 0.4 and 11.4 kg N per 1000 L (3.4 and 94.6 lb N per 1000 gallons) (Appendix A).
As a means of better understanding this variation a correlation analysis was conducted to determine if variation in nutrient concentration correlated to each other. Previous studies (Moral et al., 2005; Chen et al., 2008; Marino et al., 2008) have attempted to relate manure slurry nutrient content to easily measured parameters including pH, total solids content, and electrical conductivity using linear regression and artificial neural network modeling. These studies have met with varying degrees of success, often finding that such relations are species and sometimes region dependent. For instance, Chen et al. (2008) investigated the use of multiple linear regression, polynomial regression, and artificial neural networks to model the nutrient concentrations of dairy manures finding that the artificial neural network model was most successful in estimating nutrient concentrations on dairies in China. Moral et al. (2005) evaluated the potential of linear relationships among nutrient contents and other easily measured parameters on pig slurries in Southeast Spain, finding that electrical conductivity was a strong predictor of ammoniacal nitrogen and potassium concentrations. Marino et al. (2008) suggested that dry matter content and electrical conductivity were good predictors of variables of agronomic interest for liquid dairy manures. Seeing strong correlations among nutrients would suggest that much of the variation is due to the amount of dilution water added to the manure, or that similar nutrient loss mechanisms are causing reduced concentrations to occur among different tested parameters.
The correlation coefficients between nearly all the nutrients in the data base were statistically significant, suggesting that the nutrient concentrations in manure are related to each other and that the values vary together over time. However, our results indicated solids showed weak correlations with all the nutrients only describing 2, 3, and 2% of the variation in N, P2O5, and K2O concentration (Appendix B). Similarly, pH showed weak to moderately negative correlations with all the nutrients and performed only slightly better explaining about 4, 2, and 0.3% of the variation in N, P2O5, and K2O. However, strong correlations were seen amount the primary crop nutrients with variation in N content able to explain 56 and 76% of the variation in P2O5 and K2O concentration. Moreover, the salt content was one of the strongest indicators of nutrient content in this study, explaining 82, 68, and 87% of the variation in N, P2O5, and K2O concentration. This supports the work of Marino et al. (2008) whom indicated that electrical conductivity was a strong indicator of both ammoniacal nitrogen (which is typically >70% of the total N in deep pit swine manure) and potassium.
Storage Type
Manure storage selection has always been a critical component of manure management to ensure adequate storage is available to contain all manure produced between land application windows. A summary by Key et al. (2011) indicated that while lagoons were a popular storage among larger farms (greater than 1000 head), between 1998 and 2009 there was a shift towards increased use of pit and vat manure storage systems, with 62% of all pigs in the US being raised on pit systems by 2009. They suggest that this may be in part due to higher chemical fertilizer prices that encouraged farmers to implement manure systems with greater nutrient conservation due to potential cost savings of reduced purchase of synthetic commercial fertilizers. This trend had been noted previously in the work of Roka et al. (1995) who postulated about manure value in Iowa and North Carolina agricultural systems and how in highly productive cropping regions like Iowa pit manure storage systems would generally be economically favorable to their lagoon counterparts.
However, despite this, little data is available to compare the typical nutrient concentrations and manure value among different manure storage systems operated in similar regions and feeding/production strategies. Our results indicated significant differences between nitrogen concentrations were seen between all storage types, (p = <.001) and significant differences in phosphorous and potassium concentrations between pits and the other storages (p=<.0001), table 1. No significant differences were seen between vats and lagoons for phosphorus and potassium concentrations. Pits averaged the highest nutrient concentrations for nitrogen, phosphorus and potassium followed by vats and then lagoons. This is expected as pits are underroof and minimize the potential for precipitation entering the storage and thus limiting addition of dilution water. Though vats and lagoons are both uncovered storages, the lagoons have a larger surface area per unit volume which increases the opportunity for both greater precipitation inclusions per volume of manure storage and volatilization of ammonia nitrogen during storage. A literature review of Liu et al. (2014) summarized ammonia emission rates from different manure storage and handling systems, suggesting emission rates of 3.5 kg/yr per pig from deep pits, 3.2 from vats (drain pit plus vat), and 5.0 from lagoons (drain pit plus lagoon). Thus given these losses we would expect nitrogen concentrations in the vats to be about 110% of the deep pit and that in the lagoon to be about 70% of those of the deep pit if differences were completely due to volatilization. As these differences do not explain the data it is probable that additional differences are caused by addition of dilution water during draining and flushing the pit, rainfall onto the storage surface, and potentially settling at different rates and with different abilities to agitate and suspend nutrient in the various storage types.
If these concentrations are used to estimate typical manure values for each storage type based on current fertilizer prices of $0.64, $0.86, and $0.61per kg ($0.29, $0.39, and $0.28 per pound) N, P2O5, and K2O respectively, the estimated manure value would be $9.0, $5.3, and $3.6 per 1000 L ($33.9, $20,1, and $13.6 per 1000 gallons) for pits, vats, and lagoons respectively. Moreover, in cases where nitrogen is important in pits and vats approximately 40% of the manures fertilizer value is due to nitrogen, while in the case of lagoons only 30% of the value is from nitrogen, indicating that in locations such as Iowa where large annual N inputs are needed to support crop production pits and vats may be preferred. In addition to just comparing typical systems, evaluating how the concentrations of nutrients in these systems has changed over the past fifteen years can provide additional insight into how production practices are impacting manure properties. The annual averages for all storage types showed large variation within each storage type; however, across this timeline both deep pits and lagoons exhibited an increasing trend in nutrient concentrations. To evaluate if these trends were present we regressed year against the measured nutrient concentration and then checked if the slope of the best fit line was significantly different than zero. Our results indicated that for nitrogen both deep pits (p < 0.001) and lagoons (p < 0.001) had significant increasing trends concentrations, with similar results seen for phosphorus (p = 0.006 for deep pits and p = 0.024 for lagoons). In the case of potassium only lagoons exhibited a significant upward trend (p = 0.02) while deep pit (p = 0.099) and vats (p = 0.13) were not significant. Overall, these changes indicate that industry practices such as improved water conservation, dietary changes, or other practices are enriching manures in important crop nutrients. 
05), numbers representing differences among years for deep-pit, lower case letters for vats, and capital letters for lagoons. Error bars represent one standard deviation
The R 2 value between all the annual averages for the all storage types with nitrogen and phosphorus is 0.7824, suggesting a strong relationship between the two. When the values are further sorted by storage type, the correlation between nitrogen and phosphorus decreased compared to the correlation of all samples, deep pit 0.5358, vat 0.4207, lagoon 0.5603. The drop in correlation strength for manure storage type as compared to when they are all grouped together is believed to be due to the stratification in manure concentration values, that is lagoon concentrations are more similar to other lagoon concentration, deep pits are more similar to other deep pits, due to the smaller range of concentrations encountered for each individual system. Further analysis of the variation in vat and lagoon nutrient concentrations with the annual precipitation in Iowa showed varying correlations. For nitrogen concentration in vats an R 2 value of 0.28 was found between nitrogen concentration and the annual precipitations suggesting a moderately weak relationship (R 2 of 0.05 and 0.60 were seen for phosphorus and potassium). For lagoons the correlation between nitrogen concentration and annual precipitation was 0.006 (0.02 and 0.21 for phosphorus and potassium) suggesting no relationship at all for N and P, and a weak relationship for potassium. This analysis though providing limited insight into N and P concentrations, potentially due to their other loss mechanisms through volatilization and settling, did provide some insight into variation for potassium and nitrogen concentration in vat storage, where nitrogen volatilization would be reduced as compared to a lagoon indicating rainfall totals can impact nutrient concentrations in a noticeable way.
Manure is often discussed as being a complete fertilizer as it contains N, P, K and numerous other micronutrients, but the ratio of these nutrients typically is not balanced with crop needs. In particular, legislative actions such as the Iowa Phosphorus Index have demonstrated the need to consider phosphorus application along with nitrogen application rates. As a state, Iowa in 2012 had a N:P2O5 ratio in its harvested crops of approximately 1.6:1. Figure 4 illustrates the N:P ratio for each storage type; the N:P ratio showed a statically signification increase (p = 0.024) increase for deep pits but no statistical tend for vats and lagoons. Examining the N:P ratio highlights the underlying fact that while the nutrient concentrations have been rising, the ability to use manure a complete fertilizer to meet the crop's needs is still not possible. In particular, these results indicated that pits, vats, and lagoons averaged an N:P ratio of 1.8, 2.4, and 1.3 respectively, which even after accounting for the greater mobility and loss of N during land application and throughout the growing season would indicate that for pits and vats this ratio is approximately in line with what would be needed to support a corn-soybean production cycle. . Moreover, it was noted that both vats and lagoons exhibited greater annual variation in the average N:P2O5 ratio having coefficients of variation of 26 and 29% respectively as compared to the 16% exhibited by deep pits. In addition to these agronomic considerations, one of the ultimate drivers of this work was to understand how changes in fertilizer prices and manure nutrient concentrations have impacted the "value" of the manure. The estimated value calculated here is based on the nitrogen, phosphorus and potassium concentrations in the manure and using the USDA historical averages for fertilizer prices. As expected the value of the swine manure corresponds to the nutrient concentrations typically seen in the different storage types. An average estimate for application costs on a 1000-gallon basis is $15.00. Over time the total manure value (fertilizer value -application cost) has shifted from a negative to positive with deep pits being the highest value consistently. This supports that manure has shifted from a waste product for the farm to a value added product. The timing of application and the market price of fertilizer affect the actual value for the farm, but results clearing indicate a value added proposition with manure value slowly rising through 2005 and then an exponential increase through about 2012, with value more recently decreasing slightly but still above typical expected land application costs if manure is kept near the production facility 
Feeder System Analysis
The effect of the feeder and drinker system was examined by performing a two-tailed t-test on the mean nutrient concentrations before and after changing the systems. The change from a dry feeder system with nipple drinkers to a wet/dry feeder and water system was analyzed for all storage types (deep pit, vat, and lagoon). Table 2 provides a comparison of the annual nitrogen, phosphorus and potassium concentrations in the manure separated by manure storage type and feeding system. The effect of the feeder type showed that nitrogen increased in concentration from dry to wet/dry feeder, (p = 0.0002), though the change was not significant for vats. The effect on phosphorus was similar to that seen with nitrogen with pits and lagoons increasing significantly and vats showing an insignificant increase (p = 0.1484). Potassium concentrations exhibited similar trends in that pits and lagoons increased significantly from dry to wet/dry feeders and the change in vat increased numerically, but was insignificant (p = 0.8491). In literature it has been shown on comparable barn setups that the water usage per head has decreased by 17% when changing from dry only feeders to a wet/dry feeder setup (Harmon, 1998) . In this study on average for vats and deep pits the nitrogen, phosphorus, and potassium concentration in the manure increased 38, 16, and 6%, respectively for deep pits. Thus, the increase reported here is presumably due to dietary changes with time in addition to the reduced water wasteage. 
Manure Production Per Head Space
Manure production values calculated from the wean-to-finish yielded lower values than the DNR. Table 3 shows the weighted average nitrogen and phosphorus production and the standard deviation for formed storage, the DNR planning value for nitrogen and phosphorus (as P2O5) production per head space on an annual basis is 8.6 and 5.9 kg (19 lbs and 13 lbs) respectively. The differences in the production are likely due to the integrator's nutritional program and management of the barns. These differences in manure nutrient production values that are used in the manure management plan (MMP) could cause an issue for a farm to apply on all land included in the MMP. The difference in land required for a 2400 head swine weanto-finish farm using a yield goal of 11.29 metric ton ha -1 (180 bushels acre -1 ) of corn with a corn on corn rotation could be 4.5 ha (11acres) 85.4 ha DNR and 80.9 ha for the study value(211 acres DNR, 200 wean-to-finish calculated) based on a nitrogen limited rate. The observed variation for both phosphorus and nitrogen is fairly high in respect to the mean. Though these differences are small the overall goal of requiring land in the MMP to match the operation's manure production could be argued differently depending on the producer. Based on the observed data a 95% confidence interval 9.67 to 6.67 kg N hd -1 yr -1 (21.27 to 14.67 lb N hd -1 yr -1 ) is very wide, but as an integrator the total land available for application across all farms is significantly higher than an individual producer with one site. The argument can be made that the integrators requirement for land for could be less because the manure from high producing sites could be moved to low producing sites to balance the manure for applications while the single producer will have no flexibility in storage and thus land available for application. For an integrator requiring less land could be practical as the integrator will see higher variation in concentration and production over the entire system and have flexibility to move manure between storages, while a single site producer would need the land requirement or more because the variation in manure concentration and production is high.
Conclusion
In the past fifteen years manure nutrient concentration has changed drastically due to changes in the type of manure storage system used, the feeding system, and general changes to nutrition strategies. In general, our results showed that deep pits had the highest nutrient concentrations, followed by vats, then lagoons. Our results indicated that all types of manure storages demonstrated considerable variation in nutrient concentrations, with lagoons having the highest variability (50%) with vats and deep pits seeing similar variation (25% and 22%). In general, solids content of the manure was a poor indicator of nutrient content, but most nutrient parameters showed a moderate to strong correlation with salt content, indicating that the amount of dilution water added to the manure is a key cause of these concentration difference. From this study it was shown that changing from a dry feeder to a wet/dry feeder did increase manure nutrient concentrations, though with lagoons and vats the weather is also another factor that needs to be accounted for. To further analyze the manure production, the values should be analyzed on a per animal unit basis. The wide variation in pig production numbers for the sites used in this analysis could be a contributing factor. This study is a good starting point in exploring the changes in manure nutrients and production over time and the implied affects that it could have on manure management and permitting new sites. Smil, V. (2002) . Worldwide transformation of diets, burdens of meat production, and opportunities for novel food proteins. 
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